Under what conditions could eelgrass measurably drawdown carbon? Relating carbon drawdown to pCO2, irradiance, and leaf area index of Zostera marina by Tran, Tyler
Western Washington University 
Western CEDAR 
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship 
Summer 2019 
Under what conditions could eelgrass measurably drawdown 
carbon? Relating carbon drawdown to pCO2, irradiance, and leaf 
area index of Zostera marina 
Tyler Tran 
Western Washington University, tyler.tran@wwu.edu 
Follow this and additional works at: https://cedar.wwu.edu/wwuet 
 Part of the Environmental Sciences Commons 
Recommended Citation 
Tran, Tyler, "Under what conditions could eelgrass measurably drawdown carbon? Relating carbon 
drawdown to pCO2, irradiance, and leaf area index of Zostera marina" (2019). WWU Graduate School 
Collection. 904. 
https://cedar.wwu.edu/wwuet/904 
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate 
Scholarship at Western CEDAR. It has been accepted for inclusion in WWU Graduate School Collection by an 






Under what conditions could eelgrass measurably drawdown carbon?  





In Partial Completion of 
the Requirements for the Degree 





Dr. Brooke Love, Chair 
 
 
Dr. Sylvia Yang 
 
 
















In presenting this thesis in partial fulfillment of the requirements for a master’s degree at 
Western Washington University, I grant to Western Washington University the non-exclusive 
royalty-free right to archive, reproduce, distribute, and display the thesis in any and all forms, 
including electronic format, via any digital library mechanisms maintained by WWU. 
 
I represent and warrant this is my original work, and does not infringe or violate any rights of 
others. I warrant that I have obtained written permissions from the owner of any third party 
copyrighted material included in these files. 
 
I acknowledge that I retain ownership rights to the copyright of this work, including but not 
limited to the right to use all or part of this work in future works, such as articles or books. 
 
Library users are granted permission for individual, research and non-commercial reproduction 
of this work for educational purposes only. Any further digital posting of this document requires 
specific permission from the author. 
 
Any copying or publication of this thesis for commercial purposes, or for financial gain, is not 

























Under what conditions could eelgrass measurably drawdown carbon? 






A Thesis  
Presented to 
The Faculty of 






In Partial Fulfillment 
Of the Requirements for the Degree 





















Seagrass meadows, common to coastal habitats, have been identified as potential short-term refugia 
for calcifying organisms from ocean acidification (OA). In nearshore, soft-sediment habitats of the 
Salish Sea, eelgrass (Zostera marina L.) is the dominant seagrass species, and several studies have 
found that eelgrass is effective at taking up inorganic carbon and may be carbon-limited, potentially 
increasing uptake potential in the future. However, irradiance levels vary throughout a day and can 
therefore influence rates of carbon uptake and release through the relative rates of photosynthesis 
and respiration. Eelgrass meadows vary in terms of meadow size, shoot density and morphology, 
and water residence time which could affect rates of carbon uptake of eelgrass meadows and their 
influence on localized water chemistry. We conducted a series of mesocosm experiments 
manipulating pCO2, irradiance, and leaf area index (LAI) to assess how these factors interact and 
contribute to OA variability in the nearshore environment. Our findings demonstrate that increased 
pCO2 may release the eelgrass from carbon limitation and increase carbon uptake rates. The effect of 
increased pCO2 on eelgrass carbon uptake was only evident at high irradiance, and high LAI. While 
greater shoot density increased overall carbon uptake, this effect may diminish as self-shading 
and/or carbon limitation brought on by photosynthetic carbon uptake emerge at high density. 
Therefore, eelgrass meadows could potentially measurably drawdown carbon but only when eelgrass 
with sufficiently high LAI is exposed to saturating irradiance conditions with relatively long water 
residence times and/or with shallow water depth. We identified rates of carbon uptake and rates of 
pH increase as a function of LAI. This information will help natural resource managers understand 
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Anthropogenic carbon dioxide (CO2) emissions have increased the concentration of atmospheric 
CO2 and are projected to continue rising (IPCC 2014). Pre-industrial concentrations of atmospheric 
CO2 (1750-1850) were approximately 280 ppm (Caldeira and Wickett 2005); however, present 
atmospheric CO2 concentrations have reached more than 400 ppm (NOAA 2016) and are expected 
to continue increasing to 1000 ppm by 2100 (Meehl et al. 2007, Fabry et al. 2008, IPCC 2014). As 
atmospheric CO2 increases, so does the partial pressure of CO2 (pCO2) which drives the diffusion of 
atmospheric CO2 into the ocean. Increasing pCO2 has led to approximately 30% of the 
anthropogenic CO2 to be absorbed in the ocean since the pre-industrial era (Caldeira and Wickett 
2003, Orr et al. 2005, Feely et al. 2009, IPCC 2014).  
 
As atmospheric CO2 is absorbed in the ocean, a series of chemical reactions occurs that result in 
ocean acidification (OA) which can have negatively impact calcifying organisms (Royal Society 
2005). Absorption of atmospheric CO2 in the ocean shifts the chemical equilibria of the marine 
carbonate system (pCO2, pH, dissolved inorganic carbon, and aragonite saturation state) toward 
increased pCO2, decreased pH, increased dissolved inorganic carbon concentrations, and decreased 
aragonite saturation state (ΩAr) (Orr et al. 2005). In the open ocean, surface seawater pH has 
decreased by 0.11 pH units (compared to pre-industrial levels of approximately 8.21 to 8.1 pH units) 
and is expected to continue to decrease by 0.3-0.4 additional pH units by 2100 (Caldeira & Wickett 
2005, Orr et al. 2005, Solomon et al. 2007). The carbonate chemistry equilibrium shift also favors 
decreased carbonate ion (CO32-) making it more difficult for organisms to calcify since calcium 
carbonate (CaCO3) is more soluble under these conditions (Iglesias-Rodrıguez et al. 2008, Ries et al. 
2008, Kroeker et al. 2010). The CaCO3 saturation state (Ω) is a measure of CO32- concentration 
relative to water in equilibrium with the two forms of solid calcium carbonate minerals, calcite and  
 2 
aragonite, and the dissolution of calcium carbonate minerals is physically favored when its value is 
less than one. Ocean acidification has a greater effect on the aragonite saturation state (ΩAr) because 
aragonite is more soluble than calcite under similar conditions (Mucci, 1983). Furthermore, since 
many shellfish larvae use primarily aragonite to build their shells (Palmer 1992, Iglesias-Rodrıguez 
et al. 2008, Ries et al. 2008, Kroeker et al. 2010), OA is especially detrimental to early life stages of 
shellfish. An aragonite saturation state (ΩAr) of 1.2 to 1.5 can compromise biogenic calcification of 
larval Pacific oysters, leading to increased mortality (Waldbusser et al. 2015, Guinotte and Fabry 
2008). Some of the most pronounced effects of OA are on calcifying organisms, but it also has 
influences other organisms and biological and physiological processes in widely varying taxa (Hinga 
2002, Wootton et al. 2008, Hale et al 2011, Kroeker et al. 2013, Busch and McElhany 2016). Studies 
specific to the Salish Sea region predict a general decrease in crustacean and mollusks productivity 
(especially copepods, small crustaceans, and benthic grazers) and increase in soft infauna, suspension 
feeders, and small gelatinous plankton (Busch, Harvey, and McElhany 2013). 
 
In addition to predicted decreases in pH due to anthropogenic CO2, the Salish Sea experiences 
periodic wide swings in pH due to coastal and estuarine processes. Along the West Coast of the 
United States, seasonal upwelling can deliver pCO2 enriched water from the deep ocean into shallow 
coastal habitats from April to November, producing pH swings of approximately -0.4 pH units 
compared to ambient surface waters (Feely et al. 2008). This level of pH variation is of a scale larger 
than changes predicted to occur by 2100 in the open ocean due to anthropogenic CO2 alone (Feely 
et al. 2008). Parts of the Salish Sea can experience acidification from coastal upwelling because tidal 
and estuarine circulation processes transport acidified seawater from the coast to the estuary (Feely 
et al. 2010). In addition to anthropogenic CO2 and coastal upwelling, heterotrophic respiration of 
organic matter is a dominant estuarine process that increases pCO2 values in the ocean (Hedges et al. 
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1997, Frankignoulle et al. 1998, Borges and Frankignoulle 1999, Cai et al. 1999). Observations of 
heterotrophic respiration has led to a pH decrease by 0.24 units in Hood Canal (Feely et al. 2010). 
Therefore, the decrease pH driven by anthropogenic CO2 is in addition to present coastal and 
estuarine processes that control pH conditions in the Salish Sea.  
 
Upwelling events have led to decreased recruitment of oyster larvae along the west coast, and 
several shellfish hatcheries have adapted their strategies to manage episodic low pH and low ΩAr 
events (Barton et al. 2012). These hatcheries currently experience seawater conditions that can range 
from approximately 0.8 to 3.2 ΩAr and approximately 7.6 to 8.2 pH and they adjust pH levels by 
adding sodium carbonate to buffer OA when they experience large declines in larval recruitment 
(Harris et al. 2013, Barton et al. 2015). However, wild stocks of shellfish are subject to natural 
variation in ocean carbonate chemistry. For example, in Willapa Bay, Washington, pacific oyster 
larval recruitment has shown long-term declines, potentially due to increasingly acidified seawater 
brought to the shallows by seasonal upwelling (Dumbauld et al. 2011).  
 
Seagrass meadows may act as potential OA refuges for calcifying organisms. Seagrasses draw down 
total CO2 (TCO2) from the water column during photosynthesis
 and can therefore reverse OA (Beer 
and Rehnberg 1997). For example, Unsworth et al. (2012) found that in the field, uptake of 
inorganic carbon by tropical seagrasses increased seawater pH by 0.38 and increased ΩAr by 2.9 over 
a 24-hour residence time and at 1m depth, which are typical conditions of these systems (Black et al. 
1990). It was estimated that calcification by scleractinian coral adjacent to seagrass meadows could 
be enhanced by approximately 18% compared to areas without seagrasses (Manzello et al. 2012, 
Unsworth et al. 2012). Thus, photosynthetic activity in tropical seagrass meadows could ameliorate 
OA conditions and increase resilience of calcifying organisms to OA.  
 4 
In northern temperate estuaries like the Salish Sea, eelgrass (Zostera marina L.) is the dominant 
seagrass species (Christaen et al. 2016), but the ability of eelgrass (Zostera marina L.) to modify 
carbonate chemistry depends on a complex suite of factors including eelgrass abundance, TCO2 
availability, light availability, water depth, and residence time. 
 
The abundance of eelgrass varies throughout the Salish Sea, which could affect rates of carbon 
uptake at a meadow scale. The ability of eelgrass to take up carbon may vary between eelgrass 
meadows since they vary in terms of meadow size (0-3000 ha), density (0 to 450 shoots m-2), and 
morphology (shoot length = 0 to ~200 cm) all of which affect photosynthetic surface area (Phillips 
et al. 1983, Yang et al. 2013, Christiaen et al. 2016). Meadows with the same biomass per area can be 
composed of sparsely distributed, large shoots or dense, small shoots (Yang et al. 2013). 
Furthermore, individual leaves on an eelgrass shoot vary in age and chlorophyll content (Mazzella 
and Alberte 1986), and presumably photosynthetic capacity. Thus, predicting photosynthetic rates 
using portions of leaves or individual shoots may not accurately represent the photosynthetic 
potential of an entire eelgrass meadow. Leaf area index (LAI) functionally summarizes multiple 
aboveground morphological characteristics into a single abundance metric that represents 
photosynthetic surface area per area of substrate. Therefore, LAI is appropriate for investigating 
photosynthetic potential of eelgrass and may provide insight on how photosynthetic rates may 
translate to eelgrass meadows in the field (Duarte et al. 2010, Echavarria-Heras et al. 2011).  
 
Several studies suggest that eelgrass is carbon-limited and increases its photosynthetic rate under 
enriched TCO2 conditions (Zimmerman et al. 1997 Beer and Koch 1996, Thom 1996). An 
experimental 2-fold increase in pCO2 (from 280 to 560 µatm) led to increased rates of eelgrass 
photosynthetic rate by 2.5 times compared to photosynthetic rates of eelgrass at pre-industrial CO2 
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conditions under saturating light (Thom 1996). Additionally, greater photosynthetic rates of eelgrass 
under enriched pCO2 conditions reduced the daily saturating light requirement (Zimmerman et al. 
1997). Another study assessing photosynthetic rates of eelgrass under enriched CO2 used a six-fold 
increase in TCO2 compared to present day and found that photosynthetic rate increased 
approximately 3-fold (from 2074 to 3673 microequivalents TCO2 kg
-1) (Zimmerman et al. 1997). To 
put these in context of expected changes, by 2100 in the open ocean, the pCO2 will be two-fold 
higher than present day and in upwelling zones near the continental shelf, a pCO2 increase of 
approximately 3.5-fold is observed (Feely et al. 2008, IPCC 2014).  
 
Photosynthetic rate of eelgrass varies with light and decreases when light levels are sub-saturating 
(Olesen and Sand-Jensen 1994, van Lent and Verschuure 1994). Minimum light requirements of 




, with saturating conditions 
exceeding 7 mol quanta m-2 day-1 (Thom et al. 2008). Light limitation determines the maximum 
depth distribution of eelgrass meadows (Dennison 1987, Duarte 1991, Zimmerman et al. 1991, 
Zimmerman et al. 1997) and results in seasonal fluctuations in eelgrass growth and abundance 
(Backman & Barilotti 1976, Barko et al. 1982, Duarte & Kalff 1987, Olesen and Sand-Jensen 1993, 
Olesen and Sand-Jensen 1994). Maximum shoot density thresholds have been observed in 
permanent eelgrass meadows due to self-shading of eelgrass leaves (varies seasonally, Olesen and 
Sand-Jensen 1994). Additionally, light changes drastically over the course of a day and eelgrass 
meadows can receive about 6 to 8 hours of saturating light (Dennison and Alberte, 1985). Due to 
minimum requirements for photosynthesis, light that is predominantly sub-saturating has been 
shown to affect the carbonate chemistry differently than when light is saturating (Zimmerman et al. 
1995). 
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Although several studies have simultaneously investigated photosynthetic rates of eelgrass under 
different pCO2 conditions, few studies have investigated how photosynthetic rates could vary 
amongst eelgrass meadows with different LAIs in a range of light conditions and in a range of pCO2 
conditions that are typical in upwelling and future OA scenarios. In addition to increasing pCO2 due 
to burning of fossil fuels, reduced water quality has led to diminished light penetration and has been 
hypothesized to have caused losses of deep edges of eelgrass meadows (Short and Wyllie-Echeverria 
1996). Given concurrent alteration of light availability due to anthropogenic activity in conjunction 
with anthropogenic CO2 release, it is necessary to investigate combined drivers to understand the 
potential of changes in these parameters to influence eelgrass in the Salish Sea and possibly its ability 
to mitigate ocean acidification.  
 
Because Salish Sea eelgrass meadows can experience ambient variation in pCO2 and can also self-
shade at higher densities, and increase photosynthetic rates at saturating light levels we hypothesize 
(see Figure 1) that: 
H1: As LAI increases, the overall rate of carbon uptake will remain constant, but will 
eventually decrease because when there are more leaves present, self-shading will occur. 
HA1: The overall rate of carbon uptake will remain constant since self-shading effects will 
not occur at high LAI  
 
H2: The rate of carbon uptake will increase when initial enrichment of pCO2 is moderately 
elevated (under saturating light) since eelgrass have been shown to be carbon limited at 
ambient pCO2 conditions (800 µatm). 
HA2: Enriched pCO2 conditions (1800 µatm) will not affect photosynthetic response. 
 
H3: Carbon uptake will decrease when light conditions are sub-saturating since there is less 
light for photosynthesis. 
HA3: Sub-saturating light will not affect photosynthetic response. 
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Figure 1. Hypotheses of changes in carbon uptake (∆TCO2 per kg-1 hr-1) between low and high leaf 
area index values and between saturating (left panel) and sub-saturating (right panel) light levels. The 
black dashed line represents self-shading of eelgrass compared to the solid black line (H1). The black 
and red lines represent the ambient (800 µatm) and enriched (1800 µatm) pCO2 treatments 
respectively (H2). The red lines in the sub-saturating light treatment represent differences in carbon 
uptake between light levels (H3). 
 
In this study, we conducted a series of mesocosm experiments manipulating LAI of whole shoots, 
pCO2 levels, and light conditions to assess how these factors interact and contribute to ability of 
eelgrass to take up carbon and alter pH and the carbonate chemistry system. Mesocosm results can 
then be extrapolated to make estimates of meadow scale effects. Our study is complementary to 
other studies that look at the effects of pCO2 but this study investigates photosynthetic rates of 
whole shoots and potential self-shading effects at higher densities (also higher LAI). We developed a 
statistical model from this experiment to quantify rates of carbon uptake of eelgrass under different 
LAI, pCO2, and light conditions. The statistical model was used to create a predictive model that also 
incorporates residence time or water depth. These models may help resource managers identify the 
drivers of variability in eelgrass meadows throughout the Salish Sea and assess to what extent they 




Field survey of Leaf Area Index (LAI) and collection of eelgrass 
Leaf area index (LAI) is the total leaf area per unit area of substratum (Bulthuis 1990, Solana-
Arellano et al. 2003). We conducted a field survey to document the natural variation in LAI of 
eelgrass meadows in Washington State (Figure 2) by collecting above-ground biomass in quadrats 
along transects, then measuring leaf area of the biomass sample. We surveyed intertidal eelgrass at 
seven sites between June and August 2017, using several survey designs, to complement on-going 
eelgrass monitoring occurring at each site: At Padilla Bay (June, 2017), we collected biomass samples 
along the Padilla Bay National Estuarine Research Reserve’s long term monitoring transects (Stevens 
et al. 2016). For this monitoring program, 3 permanent transects were oriented perpendicular to 
shore, each starting at a tidal elevation of +1 m (MLLW) and spanning several kilometers to – 2 m 
(MLLW). Biomass samples were collected from a 0.0625 m2 quadrat in each 0.5 m increment of 
elevation (n=18). At Fidalgo Bay (August, 2017), we collected biomass samples in a 0.25m2 quadrat 
(n=12) using the same spacing and layout of the monitoring conducted in Padilla Bay. At Case Inlet, 
Nisqually Reach, Port Gamble, Skokomish and Willapa Bay (August 2017), eelgrass biomass was 
collected in 0.0625 m2 quadrats (n=9) every five meters along transects placed parallel to shore at an 




Figure 2. Locations of eelgrass sites for field assessment of leaf area index (LAI) throughout the 
southern Salish Sea (Washington, USA). Sampling locations are represented by green circles with 
corresponding site names (Padilla Bay, Fidalgo Bay, Case Inlet, Nisqually Reach, Port Gamble, 
Willapa Bay, and Skokomish). We sampled 18, 12, 9, 9, 9, 9, and 9 quadrats at the respective sites. 
 
To quantify the total leaf area of each biomass sample, we laid the eelgrass flat, with leaves spread 
out, on 11”x17” laminate next to a ruler for scale and covered it with transparent acrylic for 
scanning on a photocopier. Scans were taken in full-color scale, 400 dpi, 11”x17” size, and in JPEG 
format (Figure 3). The images were converted to black and white so that the pixels of the leaf area 
was black. Then, the total leaf area was calculated as the total number of black pixels scaled by the 
number of pixels per centimeter on the ruler, using ImageJ software (Version 1.51t31). The total leaf 
area from each quadrat was divided by the quadrat area (0.0625 or 0.25 m2) to calculate leaf area 
index (LAI) for each sample.  
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Figure 3. Quantifying the total leaf area of eelgrass to calculate Leaf Area Index (LAI) using (A) a 
photo copy of eelgrass subsampled from one tank and (B) the same photocopy converted to black 
and white using ImageJ Software. The software was given the # of pixels per cm using the ruler 
placed in (A), then the ruler and tank label were removed from the image, and the eelgrass was 
converted to black pixels to calculate the total area using the total number of pixels.  
 
Mesocosm System and Experimental Design 
The mesocosm system consisted of 18 gravity-fed acrylic tanks (44 cm x 21 cm x 39 cm) containing 
40 L of seawater (Figure 4). Ambient seawater (800 µatm) was pumped from Guemes Channel 
(approximately 7 m below mean low water) into a header pipe overflowing at a fixed height for 
constant head pressure. The header pipe distributed the flow of seawater equally into the tanks. 
Water overflowed into an outer water jacket around each tank, then to waste. A range of leaf area 
index (LAI) treatments, two pCO2 treatments, and three irradiance treatments were randomly 
assigned to the mesocosm system over three daytime experimental trials and one nighttime trial:  
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Figure 4. Schematic of mesocosm system for pCO2 and leaf area index manipulations. Eighteen 40 L 
experimental tanks, eight tanks were enriched pCO2 and 10 tanks received ambient pCO2 water 
(approximately 2000 and 800 μatm respectively). Target values of LAI ranged from 0-5 for each 
pCO2 condition. LAI and pCO2 treatments were randomized by tank in the actual experiment. 
 
Eelgrass LAI Treatments: Target LAI values ranged from 0 to 5 to mimic the range of LAI values 
observed in the field. We collected eelgrass for the mesocosm experiment from Padilla Bay, WA: 
Adult eelgrass (whole shoots) were excavated by hand from Padilla Bay on Nov. 4th, 2017 and 
immediately transported to Shannon Point Marine Center in Anacortes, WA. The eelgrass was 
soaked in 15 ppt seawater for one hour to eliminate clinging epifauna and reduce the presence of 
wasting disease (Carr et al. 2011). The experimental shoots’ rhizomes were cut to 6 cm in length, and 
shoots were acclimated in two indoor holding tanks (72 L) with flowing ambient seawater for two 
weeks (PAR = 0.55 ± 0.04 mol m-2 d-1). Prior to the start of the experiment, the eelgrass was 




LAI treatments were created by first subsampling 100 of 300 shoots collected from Padilla Bay to 
estimate the average LAI of an individual shoot from this site. Then, shoot densities were chosen (0, 
0, 3, 6, 9, 17, 22, 28 to obtain LAI values of approximately 0, 0, 0.5, 1.0, 1.5, 2.0, 3.0, relative to the 
bottom area of each tank (0.082 m2). We had an additional 2 tanks in the 800 µatm pCO2 treatment 
(see below) containing densities of 34 and 37 to obtain LAI values of 4.0 and 5.0 because we wanted 
to assess thresholds of carbon uptake due to self-shading Eelgrass shoots were attached by the 
rhizome to negatively buoyant mesh frames to position them in the tank and grown hydroponically 
to isolate the impact of sediment biota on carbonate chemistry. Because not all eelgrass shoots were 
identical, at the end of the experiment, we quantified the LAI of the eelgrass in each tank. Measured 
rather than target LAI was used as a continuous variable was used in analysis of results. 
 
Light Treatments: Six grow-light fixtures (Platinum LED p600) were mounted above the experimental 
tanks, and each tank was randomly assigned a saturating, sub-saturating, and dark treatment. The 
light fixtures emitted a complete 12-band spectrum of light, from ultraviolet to upper infrared light 
at an intensity of 9.16 ± 0.43 mols m-2 d-1 (PAR) measured at the water surface of the tanks, which is 
considered saturating for eelgrass (Thom, 2008). Opaque boxes and mesh covers made from a single 
layer of window screen were used to cover the tanks to achieve the ‘dark’ and ‘sub-saturating’ 
treatments, respectively. The single layer of window screen was determined to reduce light by 
approximately 66%, which reaches limiting irradiance levels for eelgrass (Thom, 2008). The 
‘saturating’ irradiance treatment were left uncovered so each tank could receive full light. 
Photosynthetically active radiation (PAR) was measured at the end of the incubation period using a 
QSL-100 irradiance sensor (Biospherical Instruments Inc.) placed 5 cm below the surface of each 
tank and measured under 5 cm of seawater. 
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Manipulation of pCO2: To test the effect of elevated pCO2 on the ability of eelgrass to alter carbonate 
chemistry, two pCO2 treatments (800 µatm and 1800 µatm) were applied to the mesocosm system. 
We built a CO2 delivery system based on methods of Jokiel et al. (2014) to manipulate pCO2. Eight 
experimental tanks were enriched with CO2 through a continuous supply of CO2 gas regulated by a 
peristaltic pump (EW-07522-20 Masterflex L/S Digital Drive) (Figure 4). The CO2 gas was delivered 
into the intake of a powerhead pump (Marineland Maxi-jet 900) in each tank. The magnetically-
driven impeller in each powerhead pump created turbulence and cavitation around the impeller 
breaking the CO2 gas into miniscule bubbles, resulting in complete dissolution of the gas into the 
water as it passed through the pump (Jokiel et al. 2014). An increase in pCO2 of approximately 1000 
µatm was achieved by setting the peristaltic pump to deliver 19 mL min-1 of CO2 gas at 16 psi paired 
with water flow into and out of the tank at 3.5 L min-1. The number of tank replicates for the 
enriched pCO2 treatment was limited by the number of channels in the peristaltic pump (n=8). For 
the ‘ambient’ treatment, 8 tanks were set up similarly, but no CO2 was added (Figure 4). The pCO2 
treatments were randomly assigned to the tanks and the tanks assigned as enriched pCO2 were 
enriched for all experimental trials.  
 
Incubation Trials: All the tanks had a one-hour acclimation period to the given light and pCO2 
conditions with flow-through seawater, followed by one hour incubation, during which seawater 
flow and CO2 delivery was turned off and tanks were capped, creating closed systems. The incoming 
seawater line was transferred from the experimental tank and into an outer tank creating a circulating 
water jacket around each tank to maintain ambient seawater temperature throughout the experiment. 
Recirculating pumps continually circulated the seawater (870 L hr-1) in each closed tank to promote 
diffusion across leaf surface-water interfaces. Each tank, with its assigned pCO2 treatment was 
randomly assigned a LAI and light treatment during 3 daytime trials resulting in three replicate 
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measurements for each 18 LAI, light, and pCO2 treatment combinations. Due to variability observed 
in the dark irradiance treatment (likely due to light leaks from imperfect shade boxes), a fourth trial 
was conducted after sunset, in which all tanks were incubated for 9 hours in the dark.  
 
Measuring Seawater Chemistry: We tracked changes in water chemistry by sampling the water in each 
tank at the beginning and end of each incubation period. Water samples were taken from tubing 
placed in a small opening of the tank using a syringe to minimize gas exchange before and during 
sampling. We discarded the first 30 mL to rinse the tubing, drew a fresh syringe, and dispensed 60 
mL of seawater into a graduated cylinder. For each tank, in situ pHNBS (National Bureau of 
Standards), DO, and water temperature measurements were taken immediately after the sample was 
dispensed into the graduated cylinder. We measured pHNBS and water temperature using a Thermo 
Scientific A221 pHNBS probe and dissolved oxygen using an Orion RDO dissolved oxygen probe. 
The pHNBS probe was calibrated using Orion pH buffer packs (pH 4, 7, and 10). The DO probe was 
calibrated by equilibrating the probe to the oxygen saturation in air in the calibration sleeve. We used 
pHNBS probe measurements for real time monitoring of pCO2 treatments and used the total scale pH 
(pHt) for modelling calculations (see below). 
 
Discrete water samples for nutrients, dissolved TCO2 and pHt were also taken at the beginning and 
end of each trial. Samples for nutrients were syringe filtered using a glass fiber filter, and frozen until 
analysis. Nitrate plus nitrite measurements were based on the Griess diazotization reaction and were 
conducted with a Lachat QuikChem 8500 autoanalyzer (method #: 31-107-04-1-G). Phosphate was 
analyzed with the ascorbic acid method also on the Lachat QuikChem 8500 autoanalyzer (method 
#: 31-115-01-1-H). Two carbonate samples were collected by drawing two unfiltered 30-ml syringes 
to fill duplicate 20 mL scintillation vials bottom-up and overflowing the vial. Ten μl of saturated 
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HgCl2 was added to each sample to eliminate any biological activity, and the samples were 
refrigerated at 10oC for two weeks before analysis for dissolved TCO2 and pHt.  
 
Both pHt and TCO2 were measured on each sample. The vials were placed in a water bath at 25
 oC 
for 40 minutes and then analyzed consecutively for pHt using a spectrometer (Ocean optics Flame-
S-UV-VIS) and for TCO2 with a dissolved inorganic carbon analyzer (Apollo SciTech AS-C3, Cai 
and Wang 1998). Water temperatures were monitored using a Fluke 1523 reference thermometer 
and probe. We measured pHt using a modification of the m-cresol method (Clayton and Byrne 1993, 
Dickson et al. 2007). To analyze a sample, a 5-cm water jacketed cuvette was rinsed with DI water, 
then rinsed with part of the sample, and then overflowed with the sample using a syringe. After a 
baseline spectrum was taken, 30 µL of m-cresol dye was added, and a second spectrum collected. 
The remaining sample not used in the pHt measurement was used concurrently for dissolved 
inorganic carbon (DIC) analysis. The instrument acidified the sample with 10% phosphoric acid to 
convert all carbonate species to CO2, then nitrogen gas was bubbled through the seawater so that 
TCO2 could be quantified using a gas phase infrared CO2 detector. TCO2 was analyzed by measuring 
two 0.75 mL subsamples.  
 
Initial and final TCO2 and pHt measurements were used to calculate the associated carbonate 
chemistry parameters, including the change in aragonite saturation state (ΩAr) and the change in the 
partial pressure of CO2 (pCO2) using CO2SYS (Pierrot et al. 2006) with K1 and K2 equilibrium 
constants from Mehrbach et al. (1973) and refit as in Dickson and Millero (1987). Differences in 
water chemistry were calculated by subtracting the initial from the final values for TCO2, pHt ΩAr 
pCO2, and dissolved oxygen (DO). Differences were corrected for non-eelgrass effects by 
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subtracting the observed mean difference in the blank tanks from the observed differences in each 
eelgrass tank.  
 
Eelgrass tissue measurements: Because few studies have used LAI as a metric for eelgrass abundance in 
relation to carbon uptake, we collected additional eelgrass metrics that we could use for comparison 
to existing studies. All eelgrass biomass in each tank was collected immediately after the incubations 
and quantifying LAI, separated at the meristem into above- and below-ground tissues and dried at 
60oC for at least 24 hours (Fisher Scientific Isotemp 500 series) following the methods outlined by 
Short and Duarte (2001). Dry weights of eelgrass for each tank were measured using a Mettler 
Toledo XS205 scale. 
 
Eelgrass leaf chlorophyll content was determined following the methods outlined by Dennison 
(1990). Leaf clippings (two cm long) were taken from the middle section of the 2nd youngest leaf and 
then split in half. One half was ground using a micropestle tip on a power drill for 2 minutes in 2 
mL of 90% acetone and the other half was dried for biomass. Once the leaf tissues were ground up, 
the chlorophyll was extracted in 5 mL of 90% acetone in the dark at 4 oC for 24 hours. Then, 
chlorophyll samples were centrifuged for 10 min at 5000 rpm to get rid of the leaf tissue. Once the 
chlorophyll was extracted and leaf tissues were separated, we measured the fluorescence absorbance 
of 1 mL samples using a fluorometer (Turner Designs, Trilogy fluorometer). Chlorophyll content 
was calculated using the equations described by Inskeep and Bloom (1985) and normalized to dry 





Statistical Analyses  
Field Data: To assess leaf area index (LAI) differences between sites across Washington State and to 
identify differences in LAI between elevations in Padilla Bay, WA, we used separate 1-way analyses 
of variance for each variable. Assumptions of normality and homogeneous variance were assessed 
using Shapiro-Wilk and Levene’s tests respectively. To identify which LAI values were different, we 
used orthogonal contrasts to compare high LAI values (LAI >3) to low LAI values (LAI <3).  
 
Experimental Data: Since the dark treatments in the initial 3 day-time trials were not completely dark 
(Figure A1), they were analyzed separately from the sub-saturating and saturating light data. The 
overnight trial had only 1 light condition (dark), and was also analyzed separately. For the day-time 
trials (sub-saturating and saturating light data only), we used model selection to determine which 
factors (LAI, pCO2 and irradiance) best predicted changes in carbonate chemistry. We used a top-
down process for model selection and started with a beyond optimal model where the fixed 
component of the model included all explanatory variables (LAI, pCO2, irradiance, change in water 
temperature, nitrate and nitrite concentration, and phosphorus concentration). We determined the 
optimal structure of the random components (tank and experimental trials) by comparing nested 
models using residual maximum likelihood estimation. We assessed all factors (random, covariate 
and fixed factors) using the likelihood ratio test where higher values indicated a better “goodness of 
fit” and using Akaike information criterion (AIC) values where lower AIC values indicate higher 
quality models. Once the best random structure was found, we determined the optimal fixed 
structure by comparing nested fixed effects using maximum likelihood estimation also using AIC 
values. The model variance structure was validated by comparing residuals with fitted values to 
identify violation of homogeneity, indicated by differences in spread.  
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We assessed eelgrass self-shade effects at higher LAI values by fitting different models; a linear and a 
quadratic model. We assessed which model best predicted changes in ∆TCO2 using a Chi-square test 
to compare the AIC values. Normality and homogeneous variance were assessed by comparing 
residuals against fitted values.  
 
We normalized ∆TCO2 to chlorophyll to assess differences between pCO2 levels using an analysis of 
variance test. Normality and homogeneous variance were assessed using a Shapiro-Wilk and 
Levene’s tests respectively. We used orthogonal contrasts to identify differences in ∆TCO2 per 
chlorophyll for each pCO2 level.  
 
Modeling: Effects of Residence Time & Depth 
To understand how our rates of carbon uptake translate to eelgrass meadows in the field, we 
calculated differences in how our measured rate of carbon uptake would influence water chemistry 
for a range of water depths and residence times. We used the ‘AICcmodavg’ package in R to 
calculate the predicted mean and standard error in the change in rate of TCO2 based on different 
combinations of the treatments (LAI, Light, and pCO2). The rates of pCO2 increase were calculated 
for LAI values of 1, 3, and 5 and for the ambient (800 µatm) and enriched (1800 µatm) pCO2 
treatments at saturating light. Changes in pCO2 were calculated based on the change in rates of total 
carbon uptake from the mean of each pCO2 treatment level (800 µatm and 1800 µatm) but assumed 
no change in alkalinity using CO2SYS. The standard error for the change in TCO2 was also 
calculated by subtracting the standard error from each pCO2 treatment level mean. All statistical 






Field Surveys for Leaf Area Index (LAI) 
Our field data demonstrated leaf area index (LAI) differences between sites and with elevation 
within a single site (Figure 5). The mean LAI by site (± standard error) ranged from 0.86 ± 0.11 LAI 
to 3.35 ± 0.28 LAI at an elevation of -1 m relative to MLLW. The LAI in Washington state (Figure 
5A) and at Padilla Bay, WA (Figure 5B) were normally distributed (Table A1) and the variance was 
homogenous (Table A2). We found site differences throughout Washington (Table A3) where the 
LAI at Nisqually Reach, Willapa Bay, and Skokomish was greater than the LAI at Fidalgo Bay, Case 
Inlet, and Port Gamble (Figure 5A, Table A4). At Padilla Bay, we found a difference in LAI across 
elevations (Table A3) where elevations between -1 and -2.0 m had greater LAI than at locations 
sampled between +1 and -1 m depths (Figure 5B, Table A4). The range of LAI values observed in 
the field (0 to 7 LAI) spans the same range as the LAI used in the mesocosm experiment (0-4.8 
ambient, 0-3.8 enriched). The above and belowground biomass of the maximum LAI value (4.7 
LAI) were 220.1 g dry wt m-2 and 131.7 g dry wt m-2 respectively. The densities, aboveground 




Figure 5. (A) Leaf area index (LAI) field survey of Washington State – LAI (total leaf area/total 
ground area) of Zostera marina was sampled at Fidalgo Bay, Case Inlet, Nisqually Reach, Port 
Gamble, Skokomish, and Willapa Bay, WA (N= 12, 9, 9, 9, 9, and 9 respectively). LAI 
measurements were sampled at -1m depths and at 5, 10 and 15m along 3 transects at each site 
except Fidalgo Bay, which was sampled at 8 distances across one transect. (B) LAI of Zostera marina 
at Padilla Bay, WA was sampled across at elevations (m) ranging from 1 to -2m. Each elevation 
range was sampled 3 times across 3 separate transects placed perpendicularly to shore. The error bar 
are the 95% confidence intervals and the letters represent LAI differences across sites (A) and tidal 










Effects of LAI, pCO2 and Irradiance on ∆TCO2 
We calculated ∆TCO2 with adjustment for the mean differences in control tanks (LAI= 0) and 
applied this correction to all tanks since it did not affect the outcome of the model except for the 
intercept term (Table A5, Figure A3). Based on the output of the most parsimonious model after 
model selection (Table 1), ∆TCO2 was affected by the interaction of LAI and light and the 
interaction of LAI, light, and pCO2 (Figure 6, Table 2), or any other covariate effects (Table 1). We 
found that eelgrass in saturating light took up carbon at an increasing rate as LAI increased (Figure 
6, Table 2). The rate of carbon uptake per unit LAI was even greater when eelgrass was exposed to 
enriched pCO2 (1800 µatm) (Figure 6, Table 2). This model estimated a decrease in ∆TCO2 of 7.128 
µmol TCO2 kg
-1 Hr-1 per unit LAI at 800 µatm pCO2 treatment and at saturating light (Figure 6, 
Table 2). However, under enriched pCO2 (1800 µatm) and saturating light, the estimated ∆TCO2 




 per unit LAI (Figure 6, Table 2). At the 
maximum LAI value (LAI=4) under saturating light conditions, rates of carbon uptake were 34.5 ± 
3.4 and 54.4 ± 5.3 µmol kg-1 Hr-1 for the 800 µatm and 1800 µatm pCO2 treatments respectively 
(Figure 6). However, when ∆TCO2 was normalized to the amount of chlorophyll per tank we found 
no discernable differences between pCO2 treatments (Table A6). There was still an interaction 
between LAI and light in the ∆TCO2 normalized data (Table A6). Overall, the maximum rate of 
carbon uptake of eelgrass was 131 ± 12 (SE) µmol TCO2 mg chl-1 hr-1 (N=54, Figure A4). At sub-
saturating light conditions the rate of carbon uptake of eelgrass was not affected by LAI or 
enrichment of pCO2 (Figure 6, Table 2).  
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Figure 6. Change in the rate of change in carbon uptake (∆TCO2 µmol kg-1 Hr-1) compared to the 
LAI of eelgrass ranging from 0 to 5 for (A) saturating and (B) sub-saturating light levels (left and 
right panels). The response was calculated by subtracting the final TCO2 measurements from the 
initial TCO2 measurements (over the one hour incubation period). Open triangles represent ambient 
pCO2 (800 µatm) and red circles represent enriched pCO2 (1800 µatm). The mean differences in 
control tanks (LAI= 0) were adjusted to zero and this correction was applied to all tanks where the 
difference was +4.368 and -11.679 µmol kg-1 Hr-1 for the ambient pCO2 response (800 µatm) and -
1.395 and -14.520 µmol kg-1 Hr-1 (N=10) for the enriched pCO2 response (1800 µatm, N=8) for 
saturating and sub-saturating light levels respectively. Average photosynthetic active radiation (PAR) 
± standard error (N=18) are reported at the bottom of each figure. The experimental model 
estimates that the rate of change in carbon uptake (∆TCO2 µmol kg-1 Hr-1) = -3.003 –0.564(LAI) 
+1.29(CO2) –0.777(Light), +1.67(LAI*CO2) -7.128(LAI*Light) +1.432(CO2*Light) -
7.304(LAI*CO2*Light) where LAI is equal to the tested LAI value, CO2 is equal to 1 if enriched, and 







Table 1. Comparison of models using the top-down approach and the likelihood-ratio test to 
determine the most parsimonious model to predict ∆TCO2. We assessed the random variance 
structure (experimental trial and tank) using a linear mixed-effects model (lme) and the residual 
maximum likelihood estimation method (REML). Covariate effects (change in water temperature, 
∆Temp.) were assessed using the generalized linear squares model (gls) and the maximum likelihood 
estimation method (ML). These analyses were conducted separate from the dark data of the over-
night experimental trial where model, estimation method, degrees of freedom (df), Akaike 
information criterion (AIC), log likelihood (logLik), model test, liklihood ratio (L Ratio) and the 
respective p-values are reported below. The full fixed effects model included all possible interactions 
between fixed effects (∆TCO2 ~ LAI + CO2 + Light + LAI:CO2 + LAI:Light + CO2:Light + 
LAI:CO2:Light). 
 
Model Estimation df AIC logLik Test L Ratio p-value 
lme1 (full fixed effects model + Trial + Tank) REML 16 225.5 -96.7 
 
  
lme2 (full fixed effects model + Tank) REML 13 226.2 -100.1 lme1 vs lme2 6.75 0.081 
lme3 (full fixed effects model + Trial) REML 13 221.5 -97.1 lme1 vs lme3 2.00 0.573 
gls1 (full fixed effects model) REML 10 220.2 -100.1 lme3 vs gls1 6.75 0.344 
gls1 (LAI + CO2 + Light + LAI:CO2 + 
LAI:Light + CO2:Light + LAI:CO2:Light + 
∆Temp) 
ML 10 248.5 -114.3 
   
gls2 (LAI + CO2 + Light + LAI:CO2 + 
LAI:Light + CO2:Light + LAI:CO2:Light) 




















Table 2. Generalized least squares model summary – gls2 (normalized ∆TCO2~LAI*CO2*Light) 
including the factor, estimate, standard error (SE), t-value, p-value using the maximum likelihood 
estimation and excluding the dark data from the over-night experimental trial. The residual standard 
error was 5.899 and the model had 36 degrees of freedom. These data were analyzed by subtracting 
the mean of the control tanks (LAI= 0) from tanks containing eelgrass. The mean ∆TCO2 of the 
controls for the saturating and sub-saturating light levels were -4.37 and -11.68 µmol TCO2 kg
-1 Hr-1 
for the ambient pCO2 treatment (800 µatm) and 1.40, and -14.52 for the enriched pCO2 treatment 
(1800 µatm). Significant factors (p-value < 0.05) are in bold. 
 
Factor Estimate SE t-value p-value 
(Intercept) -3.003 3.239 -0.93 0.361 
LAI -0.564 1.271 -0.44 0.661 
CO2 (Enriched) 1.29 4.701 0.27 0.786 
Light (Saturating) -0.777 4.58 -0.17 0.867 
LAI:CO2 (Enriched) 1.67 2.205 0.76 0.455 
LAI:Light (Saturating) -7.128 1.798 -3.96 <0.001 
CO2 (Enriched):Light (Saturating) 1.432 6.649 0.22 0.831 
LAI: CO2 (Enriched):Light (Saturating) -7.304 3.118 -2.34 0.027 
 
Functional Relationship between LAI and ∆TCO2 in ambient pCO2 conditions:  
A quadratic relationship best fit the rates of carbon uptake with LAI, in saturating light conditions at 
ambient pCO2 conditions (800 µatm) (Figure 7, Table A7, Table A8). A quadratic model explained 
more of the variance in ∆TCO2 than a linear model indicated by a lower AIC value and higher 
logliklihood ratio (Table A7). For the enriched pCO2 treatment (1800 µatm), the linear model best fit 
∆TCO2 since a linear model was not different than the quadratic (Table A7). Using the quadratic 
model fit for the ambient pCO2 treatment, the maximum rate of carbon uptake occurred at an LAI 
of 3.96 and was approximately -38.4 µmol TCO2 kg
-1 Hr-1 (Figure 7, Table A8).  
 25 
 
Figure 7. Change in the total carbon uptake (∆TCO2 µmol kg-1 Hr-1) for ambient pCO2 data (800 
µatm) compared to the LAI of eelgrass ranging from 0 to 5 for saturating light. The mean 
differences in control tanks (LAI= 0) were adjusted to zero and this correction was applied to all 
tanks where the difference was +4.368 µmol kg-1 Hr-1 for the ambient pCO2 response (N=10). A 
quadratic function was used to model the response. Average photosynthetically active radiation 
(PAR) ± standard error (N=18). The equation for the curve is the change in TCO2 (∆TCO2 µmol 
kg-1 Hr-1 = 2.25(LAI)2 - 17.84(LAI) - 3.16.  
 
Saturating Light Data – pH, ΩAr, and pCO2 
Other parameters, such as pH and calculated ΩAr and pCO2 also changed based on the interactive 
effects of LAI and Light (Figure 8). Under saturating light conditions, pH, ΩAr, and pCO2 were not 
affected by the random effects (experimental trial and tank) or covariate effects (changes in water 
temperature) (Table A9). We did not observe any effects of pCO2 treatment on changes in pH, ΩAr, 
and pCO2 (Table A10). However, our experimental models indicate that at saturating light, the 
magnitude of ΔpH, ΔΩAr and ΔpCO2 (μatm Hr-1) increase with increasing LAI (Figure 8, Table A10). 
The rate of change for pH, ΩAr, and pCO2 based on our experiment was 0.05 (±0.01) pH units Hr-1, 
0.11 (±0.04) ΩAr Hr-1, and -87 (±19.6) μatm Hr-1 for every unit increase in LAI under saturating light 
conditions (Figure 8, Table A10). At the maximum LAI (LAI=4), these rates of change correspond 
to a pH increase of ~0.2 (±0.04) pH units Hr-1, aragonite saturation state increase of ~0.45 (±0.12) 




Figure 8. The changes in pH (∆pH Hr-1), ΩAr (∆ΩAr Hr-1), partial pressure of CO2 (∆pCO2 µatm Hr-
1). These response variables are shown across leaf area index (LAI) values and between ambient 
pCO2 (800 µatm) in open triangles and enriched (1800 µatm) pCO2 in red circles.  
 
Dark Data – Effects of LAI on TCO2, pH, ΩAr, and pCO2  
In the night-time experimental trial, pCO2 treatments did not affect TCO2, pH, ΩAr, or pCO2 (Figure 
9, Table A11). Therefore, these data were analyzed using a linear model of the response as a 
function of leaf area index (Table A10, Table A12). We found that for every unit increase in LAI, 
the rate of carbon release was 0.86 ± 0.23 µmol TCO2 kg
-1 Hr-1 and decreased pH by 0.003 ± 0.001 
pH units Hr-1, decreased ΩAr by 0.004 ± 0.003 ΩAr Hr-1, and increased pCO2 by 8.4 ± 3.4 μatm Hr-1 
(Figure 9, Table A12). At the maximum LAI (LAI=4), these rates of change correspond to a TCO2 
increase of 3.44 ± 0.92 µmol TCO2 kg
-1 Hr-1, a pH decrease of 0.012 ± 0.004 pH units Hr-1, a ΩAr 
decrease of ~0.016 ± 0.012 ΩAr Hr-1, and a pCO2 increase by 33.6 ± 13.6 μatm Hr-1. Overall, the rate 
of carbon increase of eelgrass in the dark was approximately 10.7x less than the rates of carbon 




Figure 9. The night-time experimental trial in the dark showing (A) the rate of change in TCO2 
(∆TCO2 µmol kg-1 Hr-1), (B) the rate of change in pH (∆pH Hr-1), (C) the rate of change in aragonite 
saturation state (ΩAr Hr-1), and (D) the rate of change in partial pressure of CO2 (∆pCO2 µatm Hr-1). 
Each response variable is shown across LAI treatments where the red circles and black triangles 
represent the enriched (1800 µatm) and ambient (800 µatm) pCO2 treatments respectively. 
 
Water Depth and Residence Time 
In the real world, water depth in eelgrass meadows is variable and increased water volume results in 
smaller changes in water chemistry due to carbon uptake despite high LAI values and saturating light 
conditions (Figure 10). Even though rates of carbon uptake and changes in other parameters in this 
study were substantial at saturating light conditions, high LAI, and enriched pCO2 conditions (1800 
µatm), those results were achieved with a relatively small volume of water and a long residence time. 
Small increases in depth can diminish changes in ambient TCO2, pH, and saturation state by 
essentially diluting the effect of the eelgrass in a larger volume of water (Figure 10). For example, 
even at only 1 meter depth, the change in CO2 per hour is less than half what it was at 40 cm and 
only in the enriched pCO2 treatment does even the highest LAI produced changes of more than 100 
µatm Hr -1 in 1 meters of water (with a one hour residence time) (Figure 10). 
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Figure 10. Changes in the partial pressure of CO2 (∆pCO2 µatm Hr-1) across different water depths 
(cm). The black circles with dotted lines, open circles with dashed lines, and black squares with a 
solid line represents LAI values of 1, 3, and 5 respectively for the ambient pCO2 treatment (800 
µatm) on the left panel (A) and the enriched pCO2 treatment (1800 µatm) on the right panel (B). The 
estimations for pCO2 across depth were calculated in CO2SYS based on rates derived from the 
experimental model for TCO2. Error bars represent 95% confidence intervals. 
 
Additionally, shorter residence time can further decrease the ability of even high LAI treatments 
under saturating light conditions to change the ambient water chemistry (Figure 11). For the 
ambient pCO2 treatment (800 µatm), the highest LAI produced changes of more than 100 µatm Hr -1 
only when residence times were 50 min or greater (Figure 11A). Whereas, in the enriched pCO2 
treatment (1800 µatm), the highest LAI produced changes of more than 100 µatm Hr -1 when 
residence times were 20 minor greater (Figure 11B). Therefore, the enriched pCO2 treatment 
resulted in similar amounts of pCO2 increase at shorter residence times than the ambient pCO2 
treatment.  However, the rate of pCO2 increase will diminish despite the effect of pCO2 enrichment 
and high LAI with shorter residence times.  
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Figure 11. Changes in the partial pressure of CO2 (∆pCO2 µatm Hr-1) across different residence 
times (min). The black circles with dotted lines, open circles with dashed lines, and black squares 
with a solid line represents LAI values of 1, 3, and 5 respectively for the ambient pCO2 treatment 
(800 µatm) on the left panel (A) and the enriched pCO2 treatment (1800 µatm) on the right panel 
(B). The estimations for pCO2 across depth were calculated in CO2SYS based on rates derived from 












The focus of this study was to assess the potential of eelgrass meadows to take up carbon within the 
context of realistic ranges of eelgrass leaf area index (LAI) values, pCO2, and light, like those 
observed in the Salish Sea (Figure 5, Figure 6, Table A13). We compared rates of carbon uptake 
between LAI, pCO2, and light treatments to better understand how these factors interact to modify 
the variability of acidification to help natural resource managers estimate the effects of eelgrass 
carbon uptake on localized water chemistry in different sites throughout the Salish Sea. 
 
Influence of Leaf Area Index (LAI) 
The ability of eelgrass meadows to measurably take up carbon depends on the amount of 
photosynthetic leaf area per ground area which changes between sites and between elevations. When 
there was more eelgrass leaf area per ground area, or higher leaf area index (LAI) values, rates of 
carbon uptake increased under saturating light for both pCO2 conditions, resulting in marked 
changes in carbonate chemistry under the conditions tested here especially for tanks with LAI value 
near 4 (Figure 6). However, LAI values vary between sites and our field surveys demonstrate that 
not all eelgrass sites nor all locations within these sites have sufficient LAI values to take up enough 
carbon to make a measureable difference in ambient water chemistry (Figure 5, Table A3). We 
observed generally increasing LAI with increasing depth at Padilla Bay where lower LAI values 
occurred at the higher intertidal areas (Figure 5B). The elevation and LAI relationship suggests that 
eelgrass meadows at deeper locations throughout the Salish Sea are likely to have greater LAI and 
are therefore more likely to take up carbon at a higher rate (Figure 5B, Table A3, Figure A2). 
However, even at a single elevation of -1 m, there is considerable variation the LAI by site (Figure 
5B, Table A3), indicating that depth alone is not a sufficient predictor of meadow capacity for 
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carbon uptake. Additionally, increasing LAI with depth is balanced by potentially lower light 
conditions as depth increases (Dennison and Alberte 1985, Dennison 1987). In 50 to 100 years at 
high latitudes, water depth is expected to increase by 0.5 m (Trenberth 1996) and could cause shifts 
in the location and density of eelgrass beds (Backman and Barilotti 1976, Duarte 1991, Short et al. 
1993, Short et al. 1995). 
 
Meadow size and shape can also affect shoot densities and abundance since eelgrass meadows 
located at fringe sites (common in central Puget Sound and Hood Canal) tend to have meadows that 
are smaller in area than eelgrass meadows located at tidal flats such as Padilla Bay, Fidalgo Bay, and 
Birch Bay (Christaen et al. 2016). Eelgrass meadows throughout the Salish Sea exhibit large 
differences in shoot length, sheath width, and abundance of the eelgrass (Figure A2) which could 
affect photosynthetic rates of eelgrass and responses to changes in light and pCO2 levels. The use of 
LAI makes sites with different morphologies and abundances more comparable but cannot 
eliminate these effects all together.  
 
Our field survey highlighted these aboveground biomass and abundance differences between sites 
(Figure A2). Sites such as Case Inlet and Port Gamble had more abundant eelgrass but the LAI 
values and the aboveground biomass was much lower than sites at Nisqually Reach, Willapa Bay, 
and Skokomish where LAI was greatest and eelgrass was less abundant (Figure A2). Therefore, 
assessing the photosynthetic capacity of an eelgrass meadows based on abundance of eelgrass may 





Self-shading effects at higher LAI 
Interestingly, we observed reduced photosynthetic rates at higher LAI values for the ambient pCO2 
data (800 µatm) most likely due to self-shading effects or co-limitation of carbon and light (H1, 
Figure 7, Table A8). This is demonstrated by the fact that the relationship between the rate of 
carbon uptake and LAI for the ambient pCO2 data (800 µatm) was best described using a quadratic 
equation with a carbon uptake maximum at a LAI of 3.96 (Figure 7, Table A8). Our field 
observations of LAI values support this quadratic relationship since the mean LAI values at all sites 
were below 3.96 indicating that natural meadows may be at carrying capacity due to growth 
limitation near this same threshold (Figure 5). For the enriched pCO2 data (1800 µatm), we did not 
observe reduced carbon uptake instead, ∆TCO2 was linear with increasing LAI (Figure 7, Table A7, 
Table A8). However, the maximum LAI for the enriched pCO2 treatment was only 3.8, which may 
not be high enough for self-shading effects to emerge (Figure 7, Table A7, Table A8). It is possible 
that eelgrass in the enriched pCO2 treatment could reach higher LAI before carbon uptake levels off 
since eelgrass can directly take up CO2 (Beer and Rehnberg 1997). Whereas, under ambient pCO2 
conditions (800 µatm) CO2 is less available and eelgrass must produce carbonic anhydrase to 
dehydrate HCO3
- to CO2 (Beer and Rehnberg 1997). Co-limitation of light and carbon may be 
controlling the maximum rate of carbon uptake of eelgrass in the ambient pCO2 treatment, but 







We normalized our rates of carbon uptake to chlorophyll since the chlorophyll content is an 
essential component of photosynthesis and allows us to compare our rate of carbon uptake to other 
studies. However, we found no observable thresholds in the rate of carbon uptake between pCO2 
treatments. Where if self-shading is occurring, rates should be lower per chlorophyll in tanks with 
the highest LAI. Our ability to detect this effect when normalizing our rates of carbon uptake to 
chlorophyll may be hindered by the variability of our chlorophyll measurements since they are 
extrapolated from a few leaf clippings to characterize the whole tank (Table A6, Figure A4). Thus, 
LAI is a better parameter for characterizing rates of carbon uptake in our tanks since LAI values 
were not extrapolated.  
 
LAI of seagrasses 
Eelgrass (Zostera marina) is the dominant seagrass in temperate areas and has a higher maximum LAI 
compared to other species of seagrasses in the tropics. For instance, summer field surveys of LAI 
values of Posidonia oceanica, meadows ranged from approximately 0 to 3.48 (Hendriks et al. 2014) 
whereas in the Salish Sea, LAI values of eelgrass meadows were similar though possibly slightly 
higher, ranging from approximately 0 to 4.7 (Figure 5). Despite differences in the range of LAI, both 
temperate and tropical seagrasses had similar mean LAI values where Posidonia oceanica, has a mean 
LAI of about 1.96 averaged across 14 sites throughout the west Mediterranean, Spain (Hendriks et 
al. 2014) and Z. marina in WA state has a mean LAI of 1.95 ± 0.18 (Figure 5A). Therefore, the 
overall photosynthetic capacity of tropical and temperate seagrasses may be similar but certain sites 
in temperate seagrass meadows could have a greater photosynthetic capacity since the maximum 
LAI is greater than at tropical seagrass meadows. 
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In another example, in a meadow consisting of predominantly Thalassia testudinum but, with Halodule 
wrightii, Syringodium filiforme, Ruppia maritima, and Halophila engelmannii also present, seagrasses reached 
a maximum LAI of approximately 2.5-3.0 (Hill et al., 2014). Cymodocea rotundata, another tropical 
seagrass, only reaches a maximum LAI of approximately 1.0 (Wicaksono and Hafizt, 2013). In 
contrast, in temperate waters, the maximum LAI value identified at Padilla Bay, Washington was 
approximately 4.7 for Zostera marina (Figure 5B). Since the localized drawdown of carbon from the 
waters by eelgrass photosynthesis appears to be mainly a linear function of LAI for Zostera marina, 
the greater abundance of leaf area per substrate area in this species may indicate greater potential to 
remove carbon from the water than some of the species with lower LAI’s.  
 
Influence of pCO2 Enrichment  
In addition to the positive effects of high LAI on rates of carbon uptake, the range of pCO2 values 
tested in this study generated different rates of carbon uptake (H2) but there are caveats to this 
conclusion. These findings rely on the saturating light data and sample size was small, with an 
unbalanced design between pCO2 treatments (Figure 4). The enriched pCO2 treatment (1800 µatm) 
only had a sample size of 8 because of the number of channels on the pump, whereas the ambient 
pCO2 treatment (800 µatm) had a sample size of 10 (Figure 4, Figure 6). Thus, the ambient pCO2 
treatment contained 2 additional high-leverage data points (Altman and Krzywinski, 2016) which 
were at higher LAI values than the LAI values observed in the enriched pCO2 (Figure 6). 
Furthermore, we couldn’t detect pCO2 treatment differences when we normalized rates of carbon 
uptake on a per chlorophyll basis which may be due to variability in our chlorophyll measurements 
(Figure A4, Table A6), but does not lend confidence to the findings of a strong effect of pCO2 on 
photosynthetic rates.  
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Given the lack of replication and unbalanced design in our data, it is necessary that the pCO2 
treatment effect we detected be placed in context with other studies that have also investigated this 
question (Figure 12). Comparisons are sometimes difficult because differences in rates of carbon 
uptake within and between studies could be due to differences in initial TCO2 concentration, 
differences in the range of TCO2 concentrations, differences in light levels, differences in 
acclimation, and differences in methodology (Table 3). We have attempted to make this comparison 
based on change in pH (the most broadly available carbonate parameter), and change in relative 
photosynthetic rate. Zimmerman et al. (1997) tested pH ranges of 8.2 to 6.0 and Invers et al. (2001) 
tested pH ranges of 8.0 to 6.0 respectively, compared to our range of 7.76 ± 0.02 to 7.34± 0.02 pH 
units (Table A13). Given that the difference in photosynthetic rates increased by 290% over that 
range of pH (and total organic carbon) treatments in Zimmerman et al. (1997), if the increase is 
linear, then our change in total organic carbon is 4.5% of theirs, and the expected change in PSR 
would be approximately 15% between our ambient (800 µatm) and enriched treatments (1800 µatm) 
(Figure 12). However, we observed a 103% increase when normalized to LAI at saturating light. 
Thom (1996) and Beer and Koch (1996) found that at a pH of 8.2, the photosynthetic rate of 
eelgrass was 21.2 ± 1.7 (SD) and increased to 28.4 ± 3.0 µmol O2 mg chl
-1 hr-1 (SD) at a pH of 7.8 
which corresponds to an approximately 125% increase (Figure 12, Table 3). Similarly, Thom (1996) 
conducted an experimental trial using similar pH conditions (pH 8.1 and 7.7) and found a 150% 
increase in photosynthetic rate. However, when Thom (1996) conducted a replicate experimental 
trial using the same pH conditions, a 20% difference in photosynthetic rate was produced. 




Long-term pCO2 enrichment effect, on the other hand, is more apparent. For example, Thom (1996) 
found differences in leaf extension rates between pCO2 treatments over 7 day trials on whole shoots 
but could not measure differences in photosynthetic rate during 2-hour trials on leaf clippings. 
Numerous studies highlight the long-term, positive effects of elevated pCO2 on the morphology, 
growth, and proliferation of eelgrass (Thom 1996, Zimmerman et al. 1997, Palacios and 
Zimmerman 2007, Zimmerman et al. 2017). These findings further support the idea that pCO2 
enrichment effects at these conditions may be present but difficult to detect when the time scale for 
measurement is short or when the difference in carbonate conditions is moderate.  
 
 
Figure 12. The percent increase in photosynthetic rate (%) with the change in pH associated with 
those increases of 6 different studies: this study, Beer and Koch (1996), Thom (1996), Zimmerman 
et al. (1997), Invers et al. (2001), and Miller et al. (2017). We reported Beer and Koch (1996) twice 
since there were additional treatment levels in their study. Thom (1996) was reported twice since 
they conducted 2 replicate experiments. Some studies did not report pH values but were calculated 
using CO2SYS. The vertical red dashed line represents the change in pH predicted for 2100.  
 
 37 
Table 3. Represents the photosynthetic rates reported from different manuscripts. These 
manuscripts also investigated the effect of enriched pCO2 on eelgrass but the units for 
photosynthetic rate and their pCO2 treatment differences were not similar.  
 
Manuscripts Photosynthetic Rate 
Miller et al. (2017) 113 ± 10 (SE) µmol TCO2 mg chl-1 hr-1 
Invers et al. (2001) ~3.75 to 7.0 mg O2 g dw-1 hr-1 
Beer and Koch (1996) 21.2 ± 1.7 to 28.4 ± 3.0 (SD) µmol O2 mg chl-1 hr-1 
Thom (1996) 10 ± 7 to 27 ± 10 (SD) mg O2 g dw-1 hr-1 
Zimmerman et al. (1997) 0.3 to 0.78 µmol O2 mg chl-1 min-1 
 
Influence of Light  
For pH, ΩAr, and pCO2, our models highlight the importance of high LAI and saturating light 
conditions (H3) (Table A9). At the highest LAI in our experiment (LAI = 4) and at saturating light, 
pH, ΩAr, and pCO2 increased 0.2 pH units Hr-1, increased 0.45 ΩAr Hr-1, and decreased 350 µatm Hr-1 
(Table A9). In Padilla Bay, WA, typical light saturation periods during the summer are approximately 
6 hours (Miller et al. 2017). During a typical summer day if these rates held (assuming low water 
depth and high residence time), eelgrass at high LAI (LAI=4) could increase pH by 1.2 pH units, 
increase ΩAr by 2.7 ΩAr, and decrease pCO2 by 2,100 µatm (Table A9). The magnitude of this pH 
change is more than double the expected decreases in surface water pH due to anthropogenic CO2 
(Feely et al., 2004, 2009; Orr et al., 2005; Doney et al., 2009; Steinacher et al., 2009) and changes in 
pH due to upwelling (Feely et al 2008, Barton et al. 2012). Values as low as 1.2 to 1.5 ΩAr can 
compromise biogenic calcification of larval Pacific oysters (Waldbusser et al. 2015), and under 
favorable conditions, eelgrass photosynthesis can offset this. Furthermore, eelgrass could completely 
counteract predicted increases in anthropogenic CO2 (+1000 µatm by 2100) if eelgrass at high LAI 
(LAI = 4) are given saturating light and a 3-hour residence time and 40 cm water depth.  
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There is evidence of seasonal patterns of eelgrass morphology and abundance due to changing light 
conditions where eelgrass productivity is greatest in the summer and lowest in the winter (Dennison 
and Alberte 1985, Dennison 1987). Therefore, light is often the limiting factor in densely vegetated 
eelgrass meadows which were generally not thought to be limited by inorganic carbon (Wetzel and 
Penhale 1983, Dennison and Alberte 1985, Dennison 1987, Borum et al. 2016). Our ambient pCO2 
data (800 µatm) supports the claim that light can limit eelgrass in terms of the rate of carbon uptake 
at higher LAI values (Figure 7). Similarly, Pajusalu et al. (2016) found that photosynthesis of eelgrass 
was largely driven by light levels and water temperatures. The saturating light level in this study 
(PAR = 9.16 ± 0.43 mols m-2 d-1) exceeded saturating light requirements established by Thom et al. 
(2008) (7 mols m-2 d-1) for adult eelgrass shoots. Rates of carbon uptake for eelgrass will be the 
greatest during the summer since the saturating light period is longest compared to winter when day 
lengths are shorter (Thom 2008). In Padilla Bay during the summer, eelgrass typically experience 
around 6-hours of saturating light (Miller et al. 2017) which could lead to significant uptake of 
carbon overall. However, photosynthetically driven changes in carbon uptake and corresponding 
changes in pH are diel in nature and are usually followed by an opposite and nearly equal decrease in 
pH due to heterotrophic respiration of organic matter during night time hours (Feely et al. 2008). 
Net community metabolism processes (photosynthesis and respiration) results in a high frequency 
oscillation of carbonate chemistry and is overlaid on long-term trends represented by OA (Pacella et 
al. 2018). This daily variation may bring carbonate chemistry temporarily into favorable conditions 
each day in the future oceans where baseline conditions have become unfavorable for shellfish and 
other sensitive organisms, providing a partial amelioration of those conditions for organisms that are 
capable of capitalizing on these windows of favorable chemistry. 
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When eelgrass was exposed to sub-saturating light, there were no clear trends observed in the rates 
of carbon uptake across the range of LAI values tested in this study (Figure 6). The sub-saturating 
light conditions produced variable rates of carbon uptake of eelgrass like the dark data produced 
during the initial 3 experimental trials (Figure A1). The variability was likely due to shading or light 
saturating effects from adjacent tanks that were randomly assigned light treatments (Figure 6). Also, 
the dark data did not re-produce similar variability as the sub-saturating data since there weren’t any 
light leaks in the overnight experimental trial (Figure 6, Figure A1). Although the light measurements 
(Table A13) were consistent, the measurements were taken at fixed locations in the center of each 
tank, which minimize detection of variations in light. The lack of a trend with LAI indicates that 
there was a methodological problem which explains why significant effects are only found for 
saturating light conditions.  
 
In the overnight trial in the dark, a small respiration signal was detected which increased with more 
eelgrass present (Figure 9, Table A10). Although, eelgrass shoots were releasing carbon in the dark, 
these rates of carbon release were small (about 3.55 ± 0.23 µmol Kg-1 Hr-1 at a LAI of 4) compared 
to rates of carbon uptake of eelgrass exposed to saturating light conditions (38.4 ± 1.8 and 57.7 ± 
3.1 TCO2 Kg
-1Hr-1 for the ambient (800 µatm) and enriched pCO2 treatments (1800 µatm) 
respectively at LAI of 4). Our study identified that eelgrass photosynthetic rates increased 10.7x 
more in saturating light conditions than respiration rates of eelgrass in the dark suggesting that the 
net primary productivity of eelgrass meadows is positive. Therefore, the contribution of eelgrass 
meadows to natural respiration processes is relatively small compared to heterotrophic respiration of 
organic matter. Marsh et al. (1986) also found that photosynthetic rates were 7-12x that of 
respiration rates of eelgrass at a similar water temperature. Additionally, the eelgrass in this study was 
incubated hydroponically and sedimentary effects are therefore not considered. Therefore, further 
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investigation is needed to understand the relative contribution of eelgrass respiration since leaf litter 
decomposition could be a large source of organic matter for heterotrophic respiration (Harrison and 
Mann 1975). 
 
Overall, light can dictate photosynthetic rates of eelgrass but light limitations may become more 
frequent in the future due to anthropogenic sources such as nutrient loading and consequent free 
floating algae (Eminson and Philips 1978, Sand-Jensen and Borum 1991, Dennison et al. 1993, Short 
et al. 1995), upland deforestation that can lead to higher turbidity through river transport (Adamus 
2014), and sea level rise that can increase the depth of overlying surface waters (Mauger et al. 2015, 
Miller et al. 2018). Algal blooms initiated by nutrient loading have caused eelgrass to reduce growth, 
shoot density, average leaf length, and biomass (Short et al. 1995, Moore and Wetzel 2000) and in 
some cases led to mortality in eelgrass at a given site (Short and Burdick 1996). Therefore, 
management of water clarity is important to ensure that saturating light conditions reaches eelgrass 
meadows.  
 
Additional Factors to Consider - Water Temperature  
Factors such as water temperature (Zimmerman et al. 1989) could affect rates of carbon uptake in 
eelgrass meadows and the potential for these meadows to meaningfully change the local conditions. 
Eelgrass can increase short-term photosynthetic rates at higher water temperatures (Zimmerman et 
al. 1989). But, photosynthetic rates reach a maximum at a threshold water temperature of 
approximately 20 oC (Zimmerman et al. 1989, Pajusalu et al. 2016). Water temperatures above that 
resulted in greater rates of respiration and 12-fold mortality compared to colder water temperatures 
(Nejrup and Pederson 2008). Eelgrass meadows will likely experience short-period temperature 
increases that will exceed their thermal threshold since water temperatures fluctuate diurnally and 
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can range between 13 to 24 oC at Fidalgo bay and 12 to 21 oC at Cherry Point (Figure A5). 
Furthermore, the reproductive life cycle of shellfish is also important to consider in tandem with 
temperature and light variability since shellfish are reproducing during the summer when light and 
temperatures are also the greatest. Given competing effects of possible future changes in light, 
pCO2, and other factors, there is no simple prediction for the increased or decreased potential for 
eelgrass to drawdown local CO2 in future oceans. 
 
Additional Factors to Consider - Residence Time and Water Depth 
Our results demonstrate the potential of eelgrass to ameliorate OA but these effects were observed 
at a fixed depth (40-cm) and over a 1-hour residence time which are not necessarily representative of 
the range of conditions eelgrass meadows experience in the field. Water depth fluctuates naturally 
based on the tides (3 to 4m range) and at high tide, when water depth is greatest, rates of carbon 
uptake in eelgrass meadows would have less effect since the amount of carbon removed per liter of 
seawater is much less (Figure 10) (Mofjeld and Larsen 1984, Lavelle et al. (1988). However, during 
low tide events, the water depth is smaller and could provide better conditions for photosynthetic 
activity of eelgrass meadows to exert control over the chemistry of a relatively small amount of 
water (Figure 10). Currently, the natural range limit of eelgrass in the Salish Sea occurs between 1.3 
to -9m (Gaeckle 2009). At any given site the volume of water overlying a patch of eelgrass could 
vary by more than a factor of 10 over just a few hours during a tidal cycle. Given an eelgrass 
meadows with an LAI value of 5, rates of carbon uptake for ambient pCO2 (800 µatm) at a 1m depth 
are like rates of carbon uptake for enriched pCO2 (1800 µatm) at a 3m depth (Figure 10). Therefore, 
if pCO2 conditions are enriched, eelgrass meadows could take up similar amounts of carbon at 
deeper depths.  
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Residence time of water within a meadow is also a key variable in how much influence the meadow 
can have on water chemistry. Given a longer residence time, photosynthetic activity could have a 
greater effect on OA conditions (Figure 11). In the Salish Sea, the residence time between basins 
fluctuate drastically and can range anywhere from approximately 33-44 days in the main basin up to 
64 to 121 days in Hood Canal (Babson et al. 2006) or as little as 1-11 days in Bellingham Bay (Wang 
and Yang 2015). We estimated residence times at Padilla Bay and Willapa Bay based on the meadow 
sizes from Christaen et al. (2016) and we used current velocity that typically occur in eelgrass 
meadows (0.5 to 1 m s-1) from Fronseca et al. (1983) assuming currents pass right across based just 
on meadow size and velocity. In a larger eelgrass meadow, such as Padilla Bay (Bulthuis 1995), the 
residence time can be approximately 1.5 hours when current velocity is high (1 m s-1). When current 
velocity is lower (0.5 m s-1), the residence time in Padilla Bay is approximately 3 hours. At Willapa 
Bay residence times are much smaller due to the smaller coverage of eelgrass (Thom 2003) and the 
residence time can vary between 0.6 to 1.3 hours based on high and low current velocities (Fonseca 
et al. 1982, Fonseca et al. 1983). 
 
Residence time in smaller bays or areas of eelgrass, residence times are not as well-studied as larger-
scale basins and can vary seasonally due to freshwater inputs (Babson et al. 2006, Sutherland et al. 
2011). As a rough estimate for a meadow that is 250 m wide and at a fixed water depth, a tidal 
current moving water at 0.1 m s-1 would result in a residence time of about 40 minutes while a 
current speed of 0.5 m s-1 would result in a residence time of about 8 minutes. Smaller patches, 
would of course have proportionally shorter residence times. Larger residence times are possible in 
locations such as Padilla Bay, where the extent of the meadow is extremely large, or possibly under 
conditions where tidal exchange causes the same parcel of water to leave and reenter a bay several 
times. If pCO2 conditions are enriched, the rate of carbon uptake of an eelgrass meadow with an 
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LAI of 5 and a residence time of 20 minutes would be the same as if the same meadow were 
exposed to ambient pCO2 conditions with a 60-minute residence time (Figure 11). Therefore, our 
results indicate that depth, residence time, LAI, pCO2, and light are important factors to consider for 
predicting changes in carbonate chemistry due to eelgrass.  
 
Implications  
Our experiment was designed to help inform natural resource managers and policy makers 
interested in ameliorating the impacts of OA by providing predictive scientific information to help 
managers make informed decisions about how LAI and pCO2 influence the ability of eelgrass to take 
up carbon. This information could inform interpretation of field studies focusing on eelgrass and 
OA effects. The models we developed in this study can help identify areas of eelgrass that have the 
most potential to ameliorate OA.  
 
We recommend a cautious approach to the use of eelgrass as a strategy for ameliorating OA 
conditions since the conditions under which this is feasible are specific, and sometimes short lived. 
If managers do wish to pursue the idea, identifying shellfish restoration sites that are adjacent to 
eelgrass meadows with high LAI values (LAI = 4), large area, moderate water depths, and high 
residence times are important factors to consider. Water clarity must also be accounted for since 
saturating light is a key driver in determining the rate of carbon uptake of eelgrass. Enriched pCO2 
conditions could potentially be ameliorated by eelgrass, given that the meadows have high LAI. But, 




Overall, these results help us understand the observed pH variability in the field and the mechanisms 
that drive pH variability in the nearshore. The rates of change identified based on our experimental 
models can be combined with other models predicting the variability of pH throughout the Salish 
Sea. 
Key Points  
1. The ability of eelgrass meadows to influence localized carbonate chemistry through carbon 
uptake is driven largely by LAI and light and mediated by water depth and residence time. 
2. Evidence for an increase in photosynthetic rate in response to increased TCO2 is mixed. It is 
likely that an effect exists but the magnitude is small and difficult to detect when changes in 
TCO2 are modest, or when LAI is small.  
3. Other changes in the Salish Sea related to climate change and human influence may have the 
potential to decrease the ability of eelgrass meadows to ameliorate localized carbonate 
chemistry conditions. 
4. Eelgrass meadows where residence time is generally longer, the ratio of eelgrass to water is 
large, and the eelgrass LAI is high. Meadows that fit these criteria have the greatest potential 
for drawing down carbon in local waters but are not common. But, sites such as Padilla Bay, 
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Figure A1. The dark condition produced extremely variable changes in TCO2 (umol kg
-1 Hr-1) in the 
mixed light treatment (saturating and sub-saturating) experimental runs (A) compared to the night-
time experimental trial where all tanks were incubated in the dark overnight for 9-hours (B). We 
discarded the dark data from the mixed light treatment experiment and ran a separate analysis from 
the saturating and sub-saturating data for the follow-up dark experiment. The variation in the initial 
experiment was thought to be due to light leaks into dark tanks from nearby saturating and sub-
saturating light treatment tanks. 
 
Table A1. Summary output of the Shapiro-Wilk Normality test for leaf area index as a function of 
Site and elevation (test) with the following test statistic (W), and p-value.  
 
Test Test statistic (W) p-value 
LAI ~ Site 0.98 0.695 
LAI ~ Elevation 0.91 0.086 
 
Table A2. Summary output of Leven’s test for homogenous variance for leaf area index as a 
function of site and elevation with the following degrees of freedom (df), F value, and p-value. 
 
Test df F value p-value 
LAI ~ Site 6, 67 0.98 0.094 




Table A3. Chi-square test summary output for the leaf area index across different elevations at 
Padilla Bay and the output for the leaf area index across different sites in Washington State. The 
factor, degrees of freed (df), sums of squares (Sum Sq), F value, and p-values are shown. 
 
Factor df Sum Sq Mean Sq F value p-value 
Elevation 5 43.65 8.73 16.41 <0.001 
Residuals 12 6.39 0.53     
Site 5 63.84 12.77 12.37 <0.001 
Residuals 50 51.59 1.032   
 
Table A4. Outputs of the orthogonal contrasts tested on field observations of leaf area index (LAI). 
We compared the LAI between different sites throughout Washington State and between different 
elevations within Padilla Bay, WA. The contrast of different factor levels, degrees of freedom (df), 
sums of squares (Sum Sq), mean squares (Mean Sq), F value, and p-value are shown.  
 
Contrast df Sum Sq Mean Sq F value p-value 
Site (main effect) 5 63.84 12.77 12.37 <0.001 
high vs low 1 16.21 16.21 15.71 <0.001 
Residuals 50 51.59 1.032     
Elevation (main effect) 5 43.65 8.73 16.41 <0.001 
+1 to 0 vs. 0 to -1 1 8.01 8.01 15.06 0.002 
0 to -1 vs. -1 to -2 1 3.85 3.85 7.24 0.019 
+1 to 0 vs. -1 to -2 1 5.18 5.18 9.737 0.009 
Residuals 12 6.39 0.53   
 
 
Figure A2. Field observations of (A) shoot density (# of shoots m-2), (B) aboveground biomass  
(g m-2), and (C) belowground biomass (g m-2) of sites: Fidalgo Bay, Case Inlet, Nisqually Reach, Port 
Gamble, Skokomish, and Willapa Bay where all sites had a sample size of 9 except for Fidalgo Bay 
which had a sample size of 12. 
 56 
Table A5. Model summary of uncorrected data (raw ∆TCO2~LAI*CO2*Light) including the factor, 
estimate, standard error (SE), t-value, p-value using the maximum likelihood estimation and 
excluding the dark data. 
 
Factor Estimate SE t-value p-value 
(Intercept) -14.682 3.239 -4.53 <0.001 
LAI -0.564 1.271 -0.44 0.661 
CO2 (Enriched) -1.551 4.702 -0.33 0.744 
Light (Saturating) 6.534 4.58 1.43 0.165 
LAI:CO2 (Enriched) 1.67 2.205 0.76 0.455 
LAI:Light (Saturating) -7.128 1.798 -3.96 <0.001 
CO2 (Enriched):Light (Saturating) 10.035 6.649 1.51 0.142 
LAI: CO2 (Enriched):Light (Saturating) -7.304 3.118 -2.34 0.027 
 
 
Figure A3. Raw data for the change in the total carbon uptake (raw ∆TCO2 µmol kg-1 Hr-1) 
compared to the LAI of eelgrass ranging from 0 to 5 for saturating, sub-saturating and dark 
irradiance levels (left, middle, and right panels). Open triangles represent ambient pCO2 (800 µatm) 
and closed circles represent enriched pCO2 (1800 µatm). The solid red line represents the linear 
regression and the dashed red line represents 95% CI. The mean differences in control tanks (LAI= 
0) were adjusted to zero and this correction was applied to all tanks where the difference was 
+4.368, -11.679, and 0.008 µmol kg-1 Hr-1 for the ambient pCO2 response and -1.395, -14.520, and -
20.505 µmol kg-1 Hr-1 for the enriched pCO2 response for saturating, sub-saturating and dark 
irradiance levels respectively. Outputs from each linear model is reported in the bottom left corner 




Figure A4. The change in carbon uptake normalized to the amount of chlorophyll estimated per 
tank (∆TCO2 µmol TCO2 mg chl-a-1 Hr-1 across leaf area index (LAI) values. The ambient pCO2 
treatment (800 µatm) is represented by black triangles and the enriched pCO2 treatment (1800 µatm) 
is represented by solid red circles. 
 
Table A6. Summary output for ∆TCO2 (µmol TCO2 Kg-1 Hr-1) normalized to the amount of 
chlorophyll per tank (mg chl-1). Factor, Value, standard error (SE), t-value, and p-value are 
represented below.  
 
Factor Value SE t-value p-value 
(Intercept) -76.40 65.92 -1.16 0.260 
LAI 9.86 23.14 0.43 0.675 
CO2 (Enriched) -59.23 58.28 -1.66 0.061 
Light (Saturating) -77.15 93.22 -0.82 0.418 
LAI:CO2 (Enriched) 115.02 40.61 2.83 0.102 
LAI:Light (Saturating) -150.31 32.73 0.01 0.032 
CO2 (Enriched):Light (Saturating) 0.314 138.99 2.93 0.845 










Table A7. Model selection – comparing linear versus quadratic models for predicting changes in the 
rate of total carbon uptake (∆TCO2 µmol kg-1 Hr-1) as a function of leaf area index (LAI). The model 
equation, degrees of freedom (df), akaike information criterion (AIC), bayesian information criterion 
(BIC), log likelihood (logLik), test, liklihood-ratio test (L.Ratio), and the p-value are reported.  
pCO2 
Treatment Model df AIC BIC logLik Test L.Ratio p-value 
Ambient  
(800 µatm) 
Linear  3 66.4 66.7 -30.2 Linear vs. 
Quadratic   
  Quadratic 4 61.7 61.4 -26.8 6.79 0.009 
Enriched Linear 3 43.6 42.9 -18.8 Linear vs. 
Quadratic  
  
(1800 µatm) Quadratic 4 43.3 41.7 -17.6 2.31 0.129 
 
Table A8. Summary output for the quadratic model fit for the ambient pCO2 treatment (800 µatm). 
Here we report the factor, value, standard error (SE), t-value, and p-values. The quadratic formula is 
Y= 2.25x2 – 17.84x – 3.16. 
∆TCO2 ~ LAI + LAI2 (Ambient pCO2) 
Factor Value SE t-value p-value 
(Intercept) -3.16 3.39 -0.932 0.3823 
LAI -17.84 4.11 -4.337 0.0034 
LAI2 2.25 0.88 2.56 0.0376 
 
Table A9. Model selection summary using the likelihood-ratio test to assess the random variance 
structure (experimental trial and tank) of our model using the residual maximum likelihood 
estimation method (REML) and to assess covariate effects (change in water temperature) in addition 
to assessing the fixed component structure (leaf area index, pCO2, and light) using the maximum 
likelihood estimation method (ML). Our output represents the response (pH, ΩAr, and pCO2), 
estimation method, model, degrees of freedom (df), Akaike information criterion (AIC), Bayesian 
information criterion (BIC), logliklihood, Test, logliklihood-ratio (L Ratio), and p-value.  
 
Response Estimation Model df AIC BIC logLik Test L Ratio p-value 
pH REML gls1 10 -57.14 -44.18 38.57       
  lme1 16 -47.91 -27.18 39.96 gls1 vs. lme1 2.77 0.837 
 ML gls1 10 -121.31 -105.47 70.65    
    gls2 9 -116.43 -102.18 67.21 gls1 vs. gls2 6.88 0.009 
ΩAr REML gls1 10 7.54 20.5 6.23       
  lme1 16 16.09 36.83 7.95 gls1 vs. lme1 3.45 0.75 
 ML gls1 10 -35.06 -19.22 27.53    
    gls2 9 -34.02 -19.77 26.01 gls1 vs. gls2 3.04 0.081 
pCO2 REML gls1 10 404.27 417.23 -192.13    
  lme1 16 414.38 435.12 -191.19 gls1 vs. lme1 1.89 0.93 
 ML gls1 10 493.91 509.74 -236.95    






Table A10. Linear model summary output using generalized least squares for each response: pH 
(∆pH Hr-1), ΩAr (∆ΩAr Hr-1), and pCO2 (∆pCO2 µatm Hr-1). The outputs show the factor, value, 
standard error (SE), t-value, and p-value. 
 
Response Factor Value SE t-value p-value 
pH (Intercept) 0.01 0.02 0.02 0.988 
 LAI 0.02 0.01 1.17 0.059 
 CO2Enriched 0.06 0.03 1.96 0.060 
 LightSaturating -0.03 0.03 -0.92 0.367 
 LAI:CO2Enriched -0.01 0.01 -0.46 0.648 
 LAI:LightSaturating 0.05 0.01 2.17 0.039 
 CO2Enriched:LightSaturating -0.03 0.04 -0.83 0.414 
  LAI:CO2Enriched:LightSaturating 0.03 0.02 1.27 0.215 
ΩAr (Intercept) -0.09 0.06 -1.55 0.133 
 LAI 0.04 0.03 1.42 0.167 
 CO2Enriched 0.21 0.09 1.24 0.064 
 LightSaturating 0.07 0.09 0.74 0.465 
 LAI:CO2Enriched -0.01 0.04 -0.33 0.743 
 LAI:LightSaturating 0.11 0.04 1.61 0.019 
 CO2Enriched:LightSaturating -0.13 0.13 -0.96 0.344 
  LAI:CO2Enriched:LightSaturating -0.01 0.06 -0.07 0.944 
pCO2 (Intercept) -18.69 43.75 -0.43 0.672 
 LAI -4.81 17.17 -0.28 0.782 
 CO2Enriched -105.54 63.51 -1.66 0.108 
 LightSaturating 19.35 61.87 0.31 0.757 
 LAI:CO2Enriched 87.12 19.64 -1.37 0.181 
 LAI:LightSaturating -61.75 24.29 -2.54 0.014 
 CO2Enriched:LightSaturating 116.05 89.82 1.29 0.207 
 LAI:CO2Enriched:LightSaturating -19.79 42.12 -0.47 0.642 
 
Table A11. Model selection for TCO2, pH, ΩAr, and pCO2 responses for the night-time trial (dark 
data). We compared models with full fixed effects (leaf area index * pCO2 treatment, gls1) to models 
with leaf area index only (gls2). Here we report the degrees of freedom (df), Akaike information 
criterion (AIC), Bayesian information criterion (BIC), logliklihood, test, loglilihood ratio (L.Ratio), 
and p-value.  
 
Response Model df AIC BIC logLik Test L.Ratio p-value 
TCO2 gls1 5 68.11 72.56 -29.05       
  gls2 3 69.25 71.92 -31.62 gls1 vs. gls2 5.14 0.076 
pH gls1 5 -131.63 -127.18 70.82       
  gls2 3 -121.97 -119.3 63.99 gls1 vs. gls2 13.66 0.001 
ΩAr gls1 5 -91.97 -87.52 50.99       
  gls2 3 -85.65 -82.98 45.82 gls1 vs. gls2 10.33 0.006 
pCO2 gls1 5 166.85 169.52 -80.43    
 gls2 3 162.26 166.72 -76.13 gls1 vs. gls2 8.59 0.014 
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Table A12. Dark data model summary (∆TCO2~LAI) including the factor, estimate, standard error 
(SE), t-value, p-value using the maximum likelihood estimation for only the dark data. The residual 
standard error was 1.378 on 18 degrees of freedom. These data were normalized by subtracting the 
mean of the control tanks (LAI= 0) from all tanks containing eelgrass. The mean ∆TCO2 of the 
controls were 0.001 and -2.278 for the ambient (800 µatm) and enriched (1800 µatm) pCO2 
treatments respectively.  
 
Response Factor Value SE t-value p-value 
TCO2 (Intercept) -1.47 0.52 -2.84 0.011 
  LAI 0.86 0.23 3.81 0.002 
pH (Intercept) -0.003 0.002 -1.28 0.22 
  LAI -0.003 0.001 -2.5 0.024 
ΩAr (Intercept) -0.01 0.01 -1.42 0.175 
  LAI -0.004 0.003 -1.3 0.211 
pCO2 (Intercept) 6.06 7.79 0.78 0.448 
 LAI 8.38 3.42 2.45 0.026 
 
Table A13. Initial conditions prior to the 1-hour incubation period for each treatment level of 
irradiance (saturating, sub-saturating and dark) (N=18 respectively) and pCO2 treatments (ambient = 
800 µatm and enriched = 1800 µatm) (N=10 and 8 respectively). Mean (± standard error) values of 
photosynthetic active radiation - PAR (mol m-2 d-1), pHT (total scale), total CO2 (TCO2 μmol kg-1), 
and dissolved oxygen (mg DO L-1). Water temperature (Temp. °C) and the change in water 
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Figure A5. Changes in water temperature (oC) observed in the field across days elapsed. 
Measurements were taken in August, 2017 at Fidalgo bay (red line) and at Cherry Point (blue line).  
 
 
Figure A6. The change in dissolved oxygen (mg DO L-1 Hr-1) over leaf area index (LAI) values. The 
black triangles represent ambient (800 µatm) and the red circles represent enriched (1800 µatm) 
pCO2 treatments. 
